A test system for water flow in granular gangue mineral was designed to study the flow characteristics by compaction treatment. With the increase of the compaction displacement, the porosity decreases and void in granular gangue becomes less. The main reason causing initial porosity decrease is that the void of larger size is filled with small particles. Permeability tends to decrease and non-Darcy flow factor increases under the compaction treatment. The change trend of flow characteristics shows twists and turns, which indicate that flow characteristics of granular gangue mineral are related to compaction level, grain size distribution, crushing, and fracture structure. During compaction, larger particles are crushed, which in turn causes the weight of smaller particles to increase, and water flow induces fine particles to migrate (weight loss); meanwhile, a sample with more weight of size (0-2.5 mm) has a higher amount of weight loss. Water seepage will cause the decrease of some chemical components, where SiO 2 decreased the highest in these components; the components decreased are more likely locked at fragments rather than the defect of the minerals. The variation of the chemical components has an opposite trend when compared with permeability.
Introduction
Gangue mineral, which is born with coal rake in coal formation process, is a sort of wasted gray-black rock produced in coal mining and processing. Although it contains lower carbon, it is solider than coal. With the main chemical composition of Al 2 O 3 and SiO 2 , gangue also has various quantities of Fe 2 O 3 , CaO, MgO, Na 2 O, K 2 O, P 2 O 5 , SO 3 , and trace rare elements, such as gallium, vanadium, titanium, and cobalt [1] . As the largest contributors to industrial solid waste emissions, gangue has brought serious aspects of long-lasting pollution to the environment [2] [3] [4] [5] . To solve the pollution problems and develop the resource utilization of gangue, the study on gangue properties should be strengthened. With the application of solid backfill mining methods and technology, using gangue to fill the gob area has been a significant research subject in environmental coal mining technology [6] . In solid backfill mining, gangue is transported from ground surface to the working panels. The transport direction of gangue is contrary to that of coal. When gangue is filled in coal face, coal mining goaf is filled and then deformation of overlying strata can be controlled [7, 8] . However, stacking sloppy gangue (with a large porosity) is not avail to control overlying strata deformation. What is worse, harmful elements such as S, Be, Cr, Co, Ni, Cu, and Zn in gangue are vulnerable to be released and pollute the underground water [9] . Therefore, it is of great realistic significance to study flow characteristics of gangue filling body by compaction treatment in solid backfill mining.
The test on granular rocks can be dated from parallel capillary model built to simulate the fractures in granular rocks [10] ; the test methods, such as transient state and steadystate method, were applied to permeability experiments in granular rocks. The permeability of granular rocks under different pore-pressure gradients were tested by Kogure [11] ; he obtained an empirical equation between effective particle size and critical pore-pressure gradient in granular rocks. The deformation behaviors of intensive crushing-calcite caused by earthquake and its permeability characteristics were tested [12] . Recently, some factors such as grain shape and gradation [13] , grain mixing [14] , flow forces [15] , and water table level [16] have been considered to analyze the impact of flow induced grain rearrangements. Based on the MTS815.02 rock mechanics testing system, steady-state method with axial displacement control was adapted to study the change relation between flow properties of granular rocks (e.g., mudstones, sandstones, and coal) in different particle size and porosity [17] [18] [19] . Previous reports in the literature for gangue usually focused on physical and chemical properties [2] , static and dynamic characteristics [20] , compaction properties [21, 22] , solid extract properties [23] , strength property [24, 25] , and so forth. However, reports on flow characteristics of gangue were rare, particularly the relation between flow characteristics and particle distribution of gangue by compaction treatment. This paper introduces a self-designed testing system for water flow in granular gangue and investigates change rule of samples' porosity by different compaction treatment displacement. We explore the mechanism underlying the observation that larger particles were crushed and flowed by extrusion, which in turn caused the particle loss. Moreover, the change rule of the flow characteristics along with porosity is also featured using the non-Darcy flow equation.
Testing System and Specimen Preparation

Experimental Equipment.
A self-designed testing system was adopted in this test. As shown in Figure 1 , this testing system consisted of rock granular flow apparatus, water supply apparatus, and axial loading apparatus. In water supply device, plunger pump was applied to supply pore water pressure and flow sensors were applied to test pore pressure and flow quantity. The axial loading apparatus included a motor, a pump station, and a hydraulic cylinder. The axial compaction displacement was tested by LVDT of the rock granular flow apparatus. This self-designed testing system for water flow in granular gangue can supply flow quantity for a long time so that it can support the steady-state flow test. 
Granular Gangue Specimen Preparation
Characterization of Ore Samples.
The gangue in the test was taken from Xiaojihan Coal Mine in Shaanxi, China. The gangue is a fine-grained heterogeneous mineral with average density of about 2473 kg/m 3 under natural condition, which has a crystalline and blocky structure. By X-ray fluorescence analyzer spectrometer (Simultix 12 XRF Spectrometer of Tokyo Rigaku Co.) and LOI (Loss on ignition, ASTM D7348-13), the chemical compositions are listed in Table 1 .
Sieving.
In this test, a vertical vibrating-shaker with a pan was used for dry-sieving. There is a series of selected standard sieves with decreasing size installing in the experimental system. By setting nearly 50 Hz of the frequency and loading rate and using 40% of the relative upper sieve volume and lasting for 10 min, the fractions are prepared by sieving with different size, as 20 mm, 15 mm, 12 mm, 10 mm, 8 mm, 5 mm, and 2.5 mm.
First, break up the gangue before test and then classify the granular gangue according to its particle size. Second, pick out seven main particle sizes, namely, particle size 1 (0-2.5 mm), particle size 2 (2.5-5 mm), particle size 3 (5-8 mm), particle size 4 (8-10 mm), particle size 5 (10-12 mm), particle size 6 (12-15 mm), and particle size 7 (15-20 mm). Next, divide particle size above into groups according to their quantities, and grain size distribution (GSD) of samples a, b, and c is shown in Figure 2 . The mass of crushed gangue in each group is 1800 g. 
Testing Method and Procedure
Granular gangue should be saturated by water injection before the test and saturated again with a lower axial pressure water injection at the start of the seepage. The test fluid is water with viscosity of = 1.01 × 10 −3 Pa⋅s and density of = 1000 kg⋅m −3 . To gain a stable test reading, water should be injected after stable axial displacement (compaction treatment), namely, axial displacement loading and water seepage test belonging to two different stages in test. According to test standard, test conditions should be controlled strictly or repeat doing the same test or take an average if there was a certain amount of test minerals to improve the accuracy. Therefore, test shall be done under same conditions for several times, and take the average value. To reduce the influence of granular gangue's discreteness and improve the accuracy of test, the sample of each group was tested three times and the average value was taken as the calculated results, and granular gangue sample should be tested one by one. Test procedures are as follows.
(1) Calculate Initial Deposit Height of Granular Gangue. Take 1800 g sample of granular gangue ( = 1800 g), put it to cylinder tube equably, keep the smoothness of the surface, and compact it by piston. As shown in Figure 3 , firstly, measure the height 5 where piston head exceeds cylinder tube, and then calculate the initial height ℎ 0 of granular gangue in cylinder tube on the basis of cylinder height 1 (180 mm), piston height 2 (110 mm), thickness of porous disc 3 (9 mm), and thickness of felt filter mat 4 (2 mm); namely,
As 1 ∼ 4 is measured before test, ℎ 0 can be obtained from 5 ; namely,
(2) Water Saturation for Granular Gangue. Saturate the gangue sample with a water injection using the plunger pump [26] [27] [28] [29] . (4) Seepage Flow. Water flow can be controlled by plunger pump and tested by flow sensor, and flow velocity V can be gained by flow quantity ; namely,
where = 2 /4 and is the inner diameter of the cylinder tube which was filled with crushed rocks.
When the first stage of compaction treatment displacement loading (10 mm) was finished and kept stable, change the plunger pump to the 4th flow velocity V. After the water flow, start the next stage of compaction treatment displacement loading (15, 20, 25, 30, 35 , and 40 mm) and water flow again. The flow velocity of plunger pump in the last two stages of compaction treatment can be reduced appropriately to avoid the rapid increase of pore pressure.
Non-Darcy Flow Characteristics
During the compaction, the porosity could be obtained from
where ℎ 0 , , and are the initial height, mass, and mass density of the granular gangue sample, respectively, and is axial displacement.
In previous literature [17, 30, 31] , the Forchheimer equation (a non-Darcy flow equation) can be used to model the relationship between pore-pressure gradient and velocity of water flow in granular rocks, which can be expressed as
where / is pore-pressure gradient, is pore pressure, is the permeability of the granular gangue, V is the average water flow velocity, and is non-Darcy coefficient.
In (5), we use permeability and non-Darcy coefficient to describe the flow characteristics of granular gangue. Therefore, we can use steady seepage method to calculate and by the relationship between the fluid velocity curve and the pressure gradient (V-curve) so as to measure the non-Darcy flow characteristics. Using a second-order polynomial method [32] , we can obtain the values of the flow characteristics:
where is the total times of water flow and 1 ≤ ≤ in this test = 3. 
Results and Discussion
Porosity Evolution under Compaction.
To investigate the porosity evolution under compaction, (4) is conducted to calculate the evolution and the results are shown in Figure 4 . It shows that the decrease of porosity during compaction is strongly influenced by GSD. In the same GSD, porosity decreases with the increasing axial displacement and the void of granular sample becomes smaller during compaction. Under the same compaction (axial displacement) level, with the increasing size of the larger particle, the porosity increases, and the sample (c) shows maximum, which may be caused by the fact that the volume of void in large size is bigger than that in small-size particle. Sample (b) shows minimum, which may be caused by the fact that the void of larger-sizes particle are filled with small-size particle, as in this sample the particles are closer than that in other samples.
Non-Darcy Flow Characteristics.
On the basis of (6a) and (6b), the non-Darcy flow characteristics (permeability and non-Darcy coefficient ) curves during compaction (porosity) are presented in Figure 5 . From this figure we can see that non-Darcy coefficient increases and permeability decreases with the decreasing porosity (during axial compaction) but with some fluctuations. Because of the crush of fracture corners and readjustment of the structure in the process of loading, the fracture channels become more uncertain, resulting in the local fluctuation of the -andcurves. The fluctuation in -curve is more obvious than that in -curve, which can be explained by the calculated fact that for non-Darcy coefficient is a second-order variable and permeability is a first-order variable in (6a) and (6b). Generally speaking, the larger the size of the particle, the higher the permeability. It indicates that the fracture of larger size can be easily narrowed in gangue samples. For instance, the permeability of sample (c) has one order of magnitude greater than that of sample (b). The permeability of sample (b) meets minimum while its value is maximum. A rational explanation of this observation is that the smaller fine size particle filled the void of the bigger ones, and the porosity of sample (b) is less than others.
The disappearing and narrowing of fracture caused by compaction (porosity decrease) was certainly contributed to the decrease of permeability and the increase of coefficient . There is an exception in the permeability with an abnormal climb, displaying some local fluctuations [31] . That is probably because the isolated fracture can finish the transformation from self-expansion to interconnection due to the accumulation of gravel particle in widened fractures and accelerating flow. Flow characteristics of granular gangue mineral are related to loading levels (porosity), GSD, as well as fracture structure.
Variation of GSD and Chemical Compositions after Test.
As Figure 6 shows, by the sieving machine in laboratory, particle size weights of the gangue samples after test (flow and compaction) are listed. It shows that comparing to the initial size weight distribution, after test the weight of size (20-8 mm) decreases and size (5-2.5 mm) increases, respectively, for each sample. Due to the crush of larger particles during compaction, the weight of smaller particles increases. Moreover, the weight of larger size has a rapider decrease; for example, size (20-15 mm) tends to the rapidest decrease in the size mixture. That is mainly because larger particle can be easily crushed by compaction, which can also explain why the particle (8-5 mm) gains in sample (a) but losses in samples (b and c). While there is a great difference for the variation of size (0-2.5 mm), weight in samples (b and c) increases more than 200 g after test but in sample (a) there is a decrease of 13.8 g. The decreased position indicates that some of the weight loss is caused by water seepage effect; that is, some fine particles are flowed away. Furthermore, sample (a) contains more weight of small size (0-2.5 mm) than other samples, and hence fine particles in the sample are easier to be flowed away.
By the same facilities to obtain data in Table 1 , Figure 7 reveals the variation of chemical compositions of gangue after test. We can see that, due to the water flow and fine particle loss effect, LOI gains in each sample, some chemical components are all decreased in each sample; that is, SiO 2 , Al 2 O 3 and K 2 O, SiO 2 decrease the most. The chemical components (e.g., SiO 2 , Al 2 O 3 , and K 2 O) in sample (a) decrease the most. A rational explanation is that larger weight loss of fine particles in sample (a) during water flow and corresponding chemical components is more likely to distribute at smaller particles instead of larger ones. In other words, when the granular gangue minerals are prepared and tested and larger particles are crushed into smaller ones, particle is easily to be crushed from defect; the corresponding chemical components are more likely locked at fragments rather than the defect of the minerals.
In the previous studies [27, 33] , Chilingar's empirical equation [34] evaluated the relation between porosity and permeability in crushed rocks as
Advances in Materials Science and Engineering where is the effective diameter of grain sizes. The values of at the initial stage were 5 mm, 10 mm, and 12.57 mm, respectively, and at the final stage they were 4.54 mm, 6.82 mm, and 8.42 mm, respectively, which decreased by 0.46 mm, 3.18 mm, and 4.16 mm, respectively. The chemical components (e.g., SiO 2 , Al 2 O 3 ) in sample (c) decrease the least but its decrease the most. That means the variation of the chemical components has an opposite trend when compared with as well as permeability.
Conclusions
Based on steady-state flow measurement and axial displacement controlling method, a testing system for water flow in granular gangue mineral was designed to study the flow characteristics by compaction treatment. Non-Darcy flow characteristics and grain size distribution of gangue mineral by compaction treatment were tested, and the change rule of the flow characteristics along with porosity was obtained in this paper. Results show the following:
(1) With the increase of the compaction displacement, the porosity decreases and void in granular sample becomes smaller. The main reasons why the initial porosity decreased is that the small particles are filled in the void of larger one.
(2) As the whole permeability tends to decrease under the compaction treatment, the non-Darcy flow factor increases. During compaction, the change trend of flow characteristics under the influence of particle size shows certain twists and turns, showing that flow characteristics of granular gangue mineral are related to compaction level, GSD, crushing, and fracture structure.
(3) The crushed larger particles during compaction are the main cause of the increasing weight of smaller particles, water flow induces fine particles to flow away that result in weight loss, and sample containing more weight of small size (0-2.5 mm) than other samples has a higher amount of weight loss.
(4) The variation of chemical components during test means that water seepage can cause the decrease of some chemical components (e.g., SiO 2 , Al 2 O 3 , and K 2 O), and SiO 2 decrease the highest; the corresponding chemical components are more likely locked at fragments rather than the defect of the minerals. The variation of the chemical components has an opposite trend when compared with permeability.
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